Background-Oral anticoagulation (OAC) therapy is effective in atrial fibrillation but requires vigilance to maintain the international normalized ratio in the therapeutic range. This report examines how differences in time in therapeutic range (TTR) between centers and between countries affect the outcomes of OAC therapy. Methods and Results-In a posthoc analysis, the TTRs of patients on OAC in a randomized trial of OAC versus clopidogrel plus aspirin (Atrial Fibrillation Clopidogrel Trial With Irbesartan for Prevention of Vascular Events [ACTIVE W]) were used to calculate the mean TTR for each of 526 centers and 15 countries. Proportional-hazards analysis, with and without adjustment for baseline variables, was performed, with patients stratified by TTR quartile and country. A wide variation in TTRs was found between centers, with mean TTRs for centers in the 4 quartiles of 44%, 60%, 69%, and 78%. For patients at centers below the median TTR (65%), no treatment benefit was demonstrated as measured by relative risk for vascular events of clopidogrel plus aspirin versus OAC (relative risk, 0.93; 95% confidence interval, 0.70 to 1.24; Pϭ0.61). However, for patients at centers with a TTR above the study median, OAC had a marked benefit, reducing vascular events by Ͼ2-fold (relative risk, 2.14; 95% confidence interval, 1.61 to 2.85; PϽ0.0001). Mean TTR also varied between countries from 46% to 78%; relative risk (clopidogrel plus aspirin versus OAC) varied from 0.6 to 3.6 (a 5-fold difference). A population-average model predicted that a TTR of 58% would be needed to be confident that patients would benefit from being on OAC. Conclusions-A wide variation exists in international normalized ratio control, as measured by TTR, between clinical centers and between countries, which has a major impact on the treatment benefit of OAC therapy. For centers and countries, a target threshold TTR exists (estimated between 58% and 65%) below which there appears to be little benefit of OAC over antiplatelet therapy. Aspirin at baseline, n (%) 540 (33.8) 455 (28.4) 465 (26.8) 429 (24.2) ACE inhibitor at baseline, n (%) 884 (55.3) 915 (57.2) 888 (51.1) 942 (53.2) ARB agent at baseline, n (%) 208 (13.0) 193 (12.1) 300 (17.3) 295 (16.7) ␤-Blockers at baseline, n (%) 925 (57.9) 902 (56.4) 1019 (58.7) 995 (56.2) ASA indicates acetylsalicylic acid: BP, blood pressure; TIA, transient ischemic attack; ACE, angiotensin-converting enzyme; and ARB, angiotensin receptor blocking. Values are meanϮSD when appropriate.
O ral anticoagulation (OAC) is the most effective treatment to prevent stroke and other vascular events in patients with atrial fibrillation (AF). 1 A meta-analysis of randomized trials shows a significant reduction in stroke and vascular events compared with control or aspirin, with somewhat increased risk of major hemorrhage. 2, 3 However, because of marked interindividual dose response and day-today variation in dose response within individuals, OAC therapy requires ongoing dose adjustment with measurement of the biological effect with the international normalized ratio (INR).
Clinical Perspective p 2037
An INR range of 2.0 to 3.0 has been established as therapeutic by stroke prevention trials in AF 4 -6 and through cohort studies. 7, 8 It is common sense, therefore, that one should attempt to maximize the time each patient spends within that range of the INR. 4, 5, 9 Several studies 10, 11 also have reported the time in therapeutic range (TTR) achieved in a variety of clinical settings such as in anticoagulation clinics or by community physicians. A meta-regression analysis of recently published studies reported a mean TTR in all studies of 64%. 12 However, recent reports 13, 14 from large administrative databases indicate that the TTR of AF patients can be as low as 29% in some areas. Wide variation in TTR also was reported in a recent clinical trial of OAC in AF. Although the mean trial TTR was 65%, one third of patients had a TTR Ͻ60%. 15 Several reports indicate an association between low TTR and increased rates of both vascular events and major hemorrhage in patients on OAC. 15, 16 Although it is likely that patients who are rarely in the therapeutic range receive little or no net benefit from OAC, it is not possible from current studies to estimate the minimum TTR needed to achieve a benefit for OAC therapy.
The purpose of this study is to explore the variation in INR control between centers and countries and to observe how this variation affects the effectiveness of OAC therapy compared with dual antiplatelet therapy in patients with AF. A further goal is to determine whether a minimum TTR is needed to achieve a benefit from OAC in AF. This has important implications for health policy because, without a clear benchmark for TTR, it is difficult in implement policy to make improvements. The Atrial Fibrillation Clopidogrel Trial With Irbesartan for Prevention of Vascular Events (ACTIVE) W trial, 9 performed at 526 clinical centers, provides a unique opportunity to study the variation between hospitals and countries and to answer these questions.
Methods
ACTIVE W design and main results have been reported. 9 Briefly, patients were eligible for participation in ACTIVE W if they had AF and at least one of the following risk factors: age Ն75 years; treatment for systemic hypertension; previous stroke, transient ischemic attack, or non-central nervous system systemic embolism; left ventricular dysfunction; peripheral arterial disease; or (if 55 to 74 years of age) diabetes mellitus or coronary artery disease. Patients were randomized to receive clopidogrel 75 mg/d plus aspirin (75 to 100 mg/d recommended) or OAC. Centers used the vitamin K antagonist in use locally. Patients randomized to OAC were managed by study investigators or by local anticoagulation clinics with a minimum of monthly INR monitoring to maintain the INR between 2.0 and 3.0. Patients randomized to clopidogrel plus aspirin received no INR monitoring. Periodic feedback was received from the coordinating center and from the national coordinators to clinical investigators on their local INR control quality with advice and encouragement to achieve TTR of Ͼ60% at their center.
The primary study outcome was the first occurrence of stroke, non-central nervous system systemic embolism, myocardial infarction, or vascular death. Major bleeding was defined as any bleeding requiring transfusion of at least 2 units of red blood cells or the equivalent of whole blood or any bleed associated with death, hypotension requiring inotropic agents, intraocular bleeding leading to substantial loss of vision, bleeding requiring surgical intervention, or symptomatic intracranial hemorrhage. Net benefit was a prespecified outcome defined as the composite of the primary outcome and major bleeding. Stroke included ischemic and hemorrhagic stroke.
The TTR was calculated with the method first described by Rosendaal et al, 17 which uses linear interpolation of INR values in each patient receiving OAC to calculate the percentage of days when the INR is in the therapeutic range (2.0 to 3.0). The first 7 days after treatment is started or restarted, time after permanent discontinuation of OAC and time Ͼ5 days from temporary discontinuation were not included in the calculation of TTR. The individual TTRs of all patients randomized to OAC within a center or country were averaged to yield the mean TTR for that center or country. Clinical centers were categorized into quartiles according to mean TTR achieved for their OAC patients. A proportional-hazards analysis was done to estimate event rates on OAC and on clopidogrel plus aspirin and the relative risk (clopidogrel plus aspirin versus OAC), first with center TTR quartile and again with country as the stratification variable. The primary analysis was based on intention to treat (which included all clinical events regardless of whether the patient had discontinued therapy). As a sensitivity analysis, the proportionalhazards analysis by quartiles was repeated with censoring of events after permanent discontinuation of either therapy. Another analysis was done with adjustment for all of the baseline clinical variables that were potentially imbalanced among the TTR quartiles, including age, gender, weight, heart rate, hypertension, heart failure, transient ischemic attack or stroke, peripheral vascular disease, paroxysmal AF, pacemaker, previous bleed, left ventricular hypertrophy, CHADS2 score, history of fall, history of fracture, baseline use of acetylsalicylic acid, baseline use of oral anticoagulant, baseline use of angiotensin receptor blocker, and baseline use of angiotensinconverting enzyme inhibitor. We also performed similar analyses categorizing centers according to percentage of time above an INR of 3, above an INR of 4, and below an INR of 2. An analysis stratified by CHADS2 score was done.
The following events were evaluated: the ACTIVE primary outcome (stroke, myocardial infarction, systemic embolism, or vascular death), major hemorrhage, and net benefit (the composite of the ACTIVE primary outcome plus major hemorrhage).
The relationship between TTR and outcomes was examined first using time-to-event analysis in Cox regression. In addition, to account for the effect of TTR estimated at the site level, we used a population-average model incorporating general estimating equations for binary outcomes using an exchangeable correlational structure.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results

Variation in TTR
Of the 6706 patients in ACTIVE W, 3371 were randomized to OAC and 3335 to clopidogrel plus aspirin. The risk of the primary outcome (stroke, myocardial infarction, systemic embolism, or vascular death) was increased with clopidogrel plus aspirin compared with OAC (relative risk, 1.44; 95% confidence interval [CI], 1.18 to 1.76; Pϭ0.0003). The mean TTR of each patient randomized to and receiving OAC was calculated, and each clinical center was characterized by the mean TTR of all its patients on OAC. The mean TTR for all patients in ACTIVE W was 63.4% (median, 65%). The centers were arranged in quartiles according to their mean TTR with the following ranges: Ͻ53.8%, 53.8% to 65.0%, 65.1% to 73.3%, and Ͼ73.3%. The mean TTRs of the quartiles were 44%, 60%, 69%, and 78%. The time that was not in range was more often low (Ͻ2.0) than high (Ͼ3.0) for all quartiles. The percentages of time out of range that was low (rather than high) for the 4 quartiles were 64%, 52%, 53%, and 58%, respectively. Twenty-nine different countries participated in ACTIVE W, and the country mean TTR varied from 46% to 78%. Table 1 shows data on 15 countries with sufficient primary outcome events or major bleeds (at least 10) to calculate the relative risk (clopidogrel plus aspirin versus OAC) for that country. Centers within many countries had consistent TTRs. In the 3 countries with the highest mean TTRs, 92% of patients had TTRs above the study median; and in the 3 countries with the lowest mean TTRs, 86% of patients had TTRs below the median. However, large variation was also found within other countries. For example, in the United States, 135 patients (12.6%) were treated in the lowest-quartile centers; 460 (42.8%), 363 (33.8%), and 116 (10.8%) were treated at centers in the next 3 ascending quartiles. Rates of study medication discontinuation at 18 months were 7.8% for OAC and 13.8% for clopidogrel plus aspirin. Table 2 shows baseline clinical characteristics of study patients treated at centers with TTRs above and below the study median TTR according to randomized treatment. Few major differences were found between the groups; however, patients at centers with better TTRs were more likely to have been on OAC at the time of randomization and were less likely to have a history of heart failure.
Baseline Characteristics
Effect of TTR on Treatment Effect of OAC
In Table 3 , all patients are stratified according to the TTR quartile of their center. For example, 668 patients were randomized to clopidogrel plus aspirin and 674 patients were randomized to OAC at centers achieving the lowest quartile of TTR for their OAC patients. The relative risk (clopidogrel plus aspirin versus OAC) is a measure of the treatment benefit of OAC over clopidogrel plus aspirin. Values of 1.0 indicate that treatments are equivalent; values Ͼ1.0 indicate a greater risk of events on clopidogrel plus aspirin compared with OAC. For the ACTIVE primary outcome (stroke, myocardial infarction, systemic embolism, or vascular death), the relative risk of an event increases from the lowest quartile to the highest (Pϭ0.0008 for interaction). In the lowest 2 quartiles, the relative risks are 0.91 and 0.95, respectively, In the upper 2 quartiles, the relative risks are 2.29 and 1.95. Similar patterns are seen for major hemorrhage, for the composite of the primary outcome plus major hemorrhage, and for stroke. Figure 1 shows 2 time-to-event curves for the primary outcome (stroke, myocardial infarction, systemic embolism, or vascular death) for patients at centers below the study median TTR on the left and above the study median TTR on the right. For patients at centers with mean TTRs below the median, no reduction in events occurs with OAC (relative risk, 0.93; 95% CI, 0.70 to 1.24; Pϭ0.61), but for patients at centers with TTRs above the median, OAC reduced vascular events Ͼ2-fold (relative risk, 2.14; 95% CI, 1.61 to 2.85; PϽ0.0001). Figure 2 uses a similar format for the outcome of stroke. A similar pattern is observed.
Differences in patient characteristics in the 4 quartiles could account for some of the observed effect of TTR quartile on the OAC treatment effect. To examine this possibility, a proportional-hazards analysis was done with adjustment for differences in baseline variables (19 variables included in the model). After adjustment for baseline patient characteristics, the interaction between INR quartile and relative risk was essentially unchanged (the statistical significance of the interaction changed from Pϭ0.008 to Pϭ0.004), indicating that the observed effect of TTR quartile on OAC treatment benefit is robust and largely independent of differences in patient characteristics between quartiles. Another sensitivity analysis with censoring of events occurring after study drug discontinuation showed that the effect of TTR quartile on relative risk was virtually unchanged (the statistical significance for the interaction for the primary outcome 
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changed minimally from 0.0008 to 0.001). Analyses of the effect of TTR quartile on the treatment effects of OAC versus clopidogrel plus aspirin for the primary outcome and for major hemorrhage were repeated with stratification by the patient's CHADS2 score (Ն2 versus Ͻ2). In both high-and low-CHADS2 patients, the relationship between TTR quartile and the treatments effects of OAC was the same as that observed in the whole study population. We also explored the specific effect of time below an INR of 2 on the risk of the primary outcome and the effect of time above an INR of 3 on the risk of major hemorrhage to separate out these 2 different aspects of time out of range. The median percentage of time below an INR of 2 of all study patients was 18%. For centers with less than the median time below an INR of 2 (better INR control), the relative risk (clopidogrel plus aspirin versus OAC) for the primary outcome was 1.59 (fewer outcomes on OAC), and for sites with more time below an INR of 2 (worse INR control), the relative risk was 1.31 (P for interactionϭ0.36). The median percentage of time above an INR of 3 for all patients was 14%. For centers with less than the median time above an INR of 3 (better INR control), the relative risk for major bleeding was 1.44 (less bleeding on OAC), and for sites with more time above an INR of 3 (worse INR control), the relative risk was 0.81 (more bleeding on OAC; P for interactionϭ0.049). This analysis indicates that time above target range is associated with significantly increased bleeding and that time below range is associated with a trend to fewer embolic events. It supports the validity of the main analysis, which combines the 2 in the concept of TTR.
Population-Average Model and Analysis of Countries
To better understand the relationship between the treatment benefit of OAC (versus clopidogrel plus aspirin) and TTR, 2 additional analyses were performed. A population-average model was used to account for the clustering of TTR at sites. The outcome of stroke, myocardial infarction, non-central nervous system embolism, vascular death, or major hemorrhage was used to have sufficient numbers of events to perform the analysis. As illustrated in Figure 3 , this model shows that the relationship between relative risk and TTR is positive with increasing benefit from OAC with increasing TTR and that the relationship is nonlinear. It also is possible to estimate the minimum TTR needed to have at least some benefit from OAC. When the lower bound of the 95% CI for the odds ratio is 1.0, the TTR is 58%. At TTR values Ͼ58%, it is reasonable to expect that a patient benefits significantly from being on OAC. At TTR values Ͻ58%, one cannot confidently expect any net benefit from being on OAC.
We also analyzed the relationship between relative risk and TTR according to country. Table 1 shows details about the TTR for each country, as well as annual event rates for the composite outcome of stroke, myocardial infarction, systemic embolus, vascular death, or major hemorrhage. The relative risk varies between countries studied from 0.6 to 3.6 (a 5-fold variation). This difference is explained in part by the TTR achieved, which varied from 46% to 78% between countries. Each of these 15 countries has been plotted in Figure 3 to show that data from individual countries closely follow the relationship between relative risk and TTR that was derived from the population-average model.
Discussion
Main Study Findings
A wide variation exists between centers and between countries in the success of maintaining the INR of patients with AF in the therapeutic range of 2.0 to 3.0, even within the relatively controlled setting of this clinical trial. The success of INR control, as measured by TTR, is an important determinant of the benefit of OAC over antiplatelet therapy. A marked benefit was found against stroke and against total vascular events for OAC patients treated at centers that had mean TTRs above the study median of 65%; no apparent benefit was found for the other half of OAC patients who were treated at centers achieving mean TTRs below 65%. This strong relationship between TTR and benefit of OAC was confirmed by the population-average analysis and by analysis of individual countries. These findings indicate that a threshold TTR exists below which the benefit of OAC over clopidogrel plus aspirin is questionable. The analysis based on quartiles of INR achieved by centers indicates a critical value for TTR of 65%. The population-average model suggests a minimum TTR threshold of Ϸ58%.
Health Policy Implications
These findings have implications for health policy. This study shows that a wide variation exists among physician practices, hospitals, and healthcare systems in quality of anticoagulation control. This variation needs to be addressed if the full potential of OAC therapy is to be realized. In ACTIVE W, about half of the centers were not delivering OAC therapy in a way that achieved the expected benefit and that may even be associated with an increased risk of hemorrhage. The finding of a threshold below which OAC benefits are diminished, or do not occur, points to a potentially useful program for improved quality of anticoagulation: routine measurement of the center TTR for patients with AF and then corrective action if the TTR is Ͻ65%. Some countries achieved a TTR of close to 75%, and greater benefits of OAC were observed.
Much evidence has been found that medical practice is an important determinant of TTR. Although clearly patientspecific factors exist such as genetic polymorphisms, age, and compliance with medications, physician-and medical system-related factors also contribute, particularly because the dosing of OAC is variable between patients and often requires ongoing adjustment. The use of anticoagulation clinics 12 and computer-assisted decision support tools 18 has been shown to improve TTR.
The Therapeutic Range for INR
The relationship between INR and stroke in patients with AF has been carefully documented for the outcome of stroke.
Hylek and coworkers 7 studied 74 consecutive patients with AF who had an ischemic stroke while taking warfarin. Using the INR on admission and a case-control method, they reported that the risks of stroke were sharply higher at INRs Ͻ2.0. At an INR of 1.7, the adjusted odds ratio for stroke was 2-fold higher than for an INR of 2.0. At an INR of 1.5, it was 3.3-fold higher. In a systematic review and meta-analysis, Reynolds et al 19 summarized 21 studies reporting stroke and major bleeding events in relationship to INR. Of 9 studies using an INR target range of 2.0 to 3.0, an INR Ͻ2.0 was associated with an odds ratio for ischemic events of 5.07, and an INR of Ͼ3 was associated with an odds ratio for bleeding events of 3.2. The present findings support these observations using a different method and for both the outcome of stroke and total vascular events.
Previous Studies of TTR
Previous studies have reported a relationship between TTR and outcomes in both venous thromboembolic disease and AF. Veeger et al 20 reported increased rates of recurrent venous thromboembolism and major bleeding when patients with a TTR Ͻ45% were compared with those having a TTR Ͼ65%. Jones et al 16 reported that in AF patients a 10% increase in time out of therapeutic range was associated with an increased risk of ischemic stroke (odds ratio, 1.10; Pϭ0.006). In an analysis of patients on warfarin in the Stroke Prevention Using an Oral Direct Thrombin Inhibitor in Atrial Fibrillation (SPORTIF) trials, 15 a lower TTR was predictive of death, stroke, systemic embolism, and myocardial infarction. Although these studies make the link between TTR and patient outcomes, they do not address whether a critical level of TTR exists below which OAC therapy is ineffective. By characterizing the TTR, not just of patients but also of centers and countries, we can evaluate the effect that TTR has on the relative effectiveness of OAC versus antiplatelet therapy and show the minimum TTR required to achieve a benefit of OAC. Many patients in ACTIVE W were treated at centers with TTRs below this threshold; for them, OAC therapy provided little or no benefit.
Population-Average Model and Analysis by Country
The population-average model indicates that a clear relationship exists between TTR and effect of OAC versus clopi- dogrel plus aspirin that is nonlinear, with more rapidly increasing benefit as the TTR increases above the study median value of 65%. Analysis of individual countries shows that there also is a relationship between the TTR achieved within a country and the observed benefit from OAC (as expressed by the relative risk).
The differences in TTR occurring between centers and regions do not appear to be due to differences in patient characteristics. Table 2 shows differences between patients according to whether they were at a center with aboveaverage TTR. However, the analysis, which adjusted for the baseline differences between patients, still showed a very strong relationship between TTR and OAC treatment effect. Medical system differences may explain regional differences but account less well for differences between hospitals within countries, which were often quite large. All differences between centers and countries should have been minimized in the context of a clinical trial in which virtually all participating centers were led by cardiology specialists expert in the management of AF. All centers were expected to aim to achieve the protocol-mandated target INR range of 2.0 to 3.0, and no evidence has been found that they did not attempt to do so. A minimum monthly measurement of INR was mandated by the protocol; and there was ongoing feedback to centers about INR control, as well as encouragement from national coordinators and the coordinating center. Some centers used a shorter-acting vitamin K antagonist (acenocoumarol), which is associated with more variability in INR Figure 3 . Relationship between the odds ratio (OR) of stroke, myocardial infarction, systemic embolism, vascular death, or major hemorrhage and TTR using population-average logistic regression. The hatched lines show the 95% CI of the OR. The relationship is described by the following equation: log (OR)ϭϪ1.4ϩ0.028ϫTTR. Each dot represents 1 country participating in ACTIVE, showing the relationship between the OR and TTR for that country (for all countries with Ն10 events). OR is for clopidogrel plus aspirin vs OAC. levels and possibly worse INR control; this fact could explain some of the variation between centers and countries in TTRs. 21
Potential Study Limitations
The analysis by quartiles is based on a postrandomization stratification variable, the TTR achieved by centers. To reduce potential bias, the analysis was based on intention to treat. Both the sensitivity analysis based on the on-treatment principle and the analysis adjusted for differences in patient baseline characteristics yielded similar results. The study was unblinded, and bias could be introduced in terms of concomitant medical management and/or assessment of events. This study excluded the first 7 days after initiation of OAC therapy from the calculation of TTR. It is possible that this time was not long enough to achieve a stable INR, especially in OAC-naïve patients. Variation exists in the event rates between quartiles for patients randomized to clopidogrel plus aspirin that is not explained by the data but is likely due to differences in patient characteristics between groups. Unlike many AF trials in which stroke plus systemic embolism was the primary outcome, the primary outcome in ACTIVE was a composite of vascular events. However, the association between TTR and outcomes is consistent for the outcomes of both stroke and vascular events. The analysis by country is limited by the fact that some countries had too few events to be included in the analysis.
The observation of a relationship between TTR and treatment benefit of OAC does not prove causality. However, causality is strongly suggested by the strength and consistency of the relationship observed. It is also biologically plausible that at some lower level of INR control, there would cease to be a benefit from OAC therapy over antiplatelet therapy, which is generally less effective but does not need monitoring. This analysis is based on grouping patients by center or country, and it does not answer whether any benefit of OAC is found in the individual hard-to-control patient with low TTR.
Implications
All centers should attempt to achieve the highest possible TTR, but this is challenging. Although patient differences undoubtedly play a role in the variation in TTRs that we observed, the present data suggest that medical system factors specific to center and region are very important. Practices, centers, and regions need to assess the TTR achieved in their own patients and to set a minimum target TTR of 60% to 65%. Medical systems that cannot achieve this goal for biological, systematic, economic, or social reasons should consider not preferring OAC in AF patients.
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